Despite apparent blood pressure (BP) control and renin-angiotensin system (RAS) blockade, the chronic kidney disease (CKD) outcomes have been suboptimal. Accordingly, this review is addressed to renal microvascular and autoregulatory impairments that underlie the enhanced dynamic glomerular BP transmission in CKD progression.
INTRODUCTION
The mechanisms responsible for the seemingly autonomous progressive glomerulosclerosis and nephron loss in chronic kidney disease (CKD) have been investigated and debated for several decades. On the basis of micropuncture studies in the rat remnant kidney model of 5/6 renal ablation, the concept was initially formulated by Brenner and colleagues that 'glomerular hyperfiltration, an adaptation seen in response to a reduction in functional nephron number' irrespective of the cause, was in fact maladaptive and eventually led to the progressive glomerulosclerosis of the initially normal remnant glomeruli [1, 2] . It was concluded that 'the elevated single nephron glomerular filtration rate (SNGFR) common to these pathophysiologic conditions is usually caused by increases in the glomerular capillary plasma flow rate (Q A ) and mean glomerular capillary hydraulic pressure (P GC ), which in turn are due to adaptive reductions in preglomerular and postglomerular arteriolar resistances' and that 'systemic hypertension is not required for glomerular capillary hyperfiltration and hypertension'. Similar hyperfiltration, increased P GC and glomerulosclerosis were described in experimental diabetes [1] . The increases in P GC were ascribed to the greater dilation of the afferent than efferent arteriole. This relative efferent vasoconstriction was attributed to the tonic vasoconstrictor effects of angiotensin II (Ang II), because angiotensin-converting enzyme (ACE) inhibitors were shown to dilate the efferent arteriole, reduce P GC and ameliorate glomerulosclerosis [1] .
Observations from our laboratory have provided an alternative interpretation of these hemodynamic data. As discussed in greater detail elsewhere [3] , we have questioned that significant glomerular hypertension is necessary for hyperfiltration, which can be achieved in normotensive states by coordinated increases in glomerular filtration surface area (hypertrophy) and increases in single nephron plasma flow through proportionate afferent and efferent vasodilation without significant P GC increases [4, 5] . In fact, increases in P GC may not even be very effective in increasing SNGFR due to the inverse relationship between P GC and the ultrafiltration coefficient Kf [6, 7] . Instead, we have attributed the glomerular hypertension in these models to represent the enhanced glomerular transmission of the coexistent systemic hypertension, through a dilated and poorly autoregulating preglomerular vasculature [3] [4] [5] . Accordingly, we have ascribed the protection provided by renin-angiotensin system (RAS) blockade to its antihypertensive effects and suggested that the contribution of Ang II-mediated efferent constriction to glomerular hypertension has likely been greatly overestimated during micropuncture studies due to renin release and efferent constriction triggered by anesthesia, surgery and neurohormonal activation [3, 8] .
Over the years, other investigators have assigned a primary importance to RAS-mediated as well as other nonhemodynamic injury pathways in CKD progression ( Fig. 1 ) [9-12,13 & ,14] . However, interpretations are confounded by the interactions between blood pressure (BP)-dependent and BPindependent pathways, the limitations of the BP measurement methodologies employed and a lack of clear discrimination between initiating
KEY POINTS
Renal autoregulation provides the primary protection against hypertensive injury.
Enhanced glomerular blood pressure (BP) transmission due to impaired renal autoregulation represents the predominant mechanism for chronic kidney disease (CKD) progression.
Adequate 24-h BP control may be necessary to minimize CKD progression.
The mechanism for impaired autoregulation in CKD remains unknown and an important target for future investigation and intervention.
Nitric oxide-mediated efferent arteriole dilation may be an additional important protective mechanism against glomerular hypertension. mechanisms and the somewhat more nonspecific downstream responses to injury including fibrosis. Nevertheless, such a separation is consistent with current management guidelines which recommend BP control and RAS blockade as separate interventions addressed to these two pathways for slowing CKD progression [15, 16] . In any event, the following discussion is primarily addressed to angiotensindependent and independent alterations in afferent and efferent arteriolar function in CKD and their potential interactions with BP-dependent injury mechanisms in the pathogenesis of CKD progression. The increasingly recognized role of nitric oxide and endothelial dysfunction in such interactions and CKD progression will also be addressed.
BP-dependent

RENAL MICROVASCULAR FUNCTION AND PATHOPHYSIOLOGY OF HYPERTENSIVE RENAL DAMAGE
Hypertension is second only to diabetes as a primary cause of end-stage renal disease (ESRD). Nevertheless, despite the large population risk, the most striking feature of the relationship between hypertension and renal damage is the very small individual risk (< 0.5%) in those with essential hypertension. By contrast, substantial evidence indicates that hypertension plays a major role in the progression of most forms of CKD including diabetic nephropathy. These large differences in individual risk are reflected in differences in the quantitative relationships between BP and renal damage, as well as differences in morphologic patterns of injury [8] . Such differences are best explained when considered in the context of preglomerular autoregulatory function in essential hypertension and CKD states.
Hypertensive renal damage in essential hypertension
Normally, increases in BP -episodic or sustainedresult in proportionate autoregulatory vasoconstriction of the preglomerular resistance vessels, primarily the afferent arteriole, such that renal blood flow (RBF), GFR and P GC are maintained relatively constant ( Fig. 2a ) [8] . The vast majority of patients with primary essential hypertension have preserved autoregulation. The glomerular capillaries are protected from barotrauma and significant proteinuria is not seen. However, the preglomerular vasculature exposed to the hypertension develops the slowly progressive vascular pathology of benign nephrosclerosis [8, 17] . The ischemic glomerulosclerosis and nephron loss that occur over time are usually not sufficient to result in ESRD. However, a subset of genetically susceptible individuals, largely African-Americans, seems to exhibit a more accelerated course [18] [19] [20] [21] [22] . Histologic studies in such individuals have suggested a focal loss of autoregulation and barotraumas-mediated focal segmental glomerulosclerosis in addition to ischemic glomerulosclerosis [21, 23] . The term benign decompensated nephrosclerosis has been used to describe such pathology [24] . The responsible mechanisms and their relationship to recently identified genetic susceptibility variants in African-Americans have not yet been defined. By contrast, if the hypertension becomes very severe and exceeds a certain critical threshold, malignant nephrosclerosis develops [8, 17] . Severe barotrauma and acute disruptive injury to the renal vasculature and glomeruli result. Proteinuria, hematuria and rapid loss of renal function ensue.
Hypertensive renal damage in chronic kidney disease
In contrast to the slowly progressive ischemic pathogenesis of nephron loss in benign nephrosclerosis, the preglomerular vasodilation present in CKD allows a greater fractional transmission of systemic BP to the glomeruli with resultant barotrauma [8] .
Vasodilation alone, with preserved autoregulation as after uninephrectomy, only modestly increases the susceptibility to hypertensive injury. But, with greater reduction in functional renal mass, autoregulation is impaired, and even modest increases in BP -episodic or sustained -are transmitted to the glomerular capillaries. In the absence of severe hypertension, vascular pathology may not be prominent and the predominant lesion is that of glomerulosclerosis. These differences in the quantitative relationships between BP and renal damage with intact vs. impaired autoregulation are illustrated in Fig. 2b using models of genetic hypertension and CKD.
MECHANISMS UNDERLYING RENAL AUTOREGULATION
Renal autoregulation is believed to be mediated by the combined and interacting contributions of two mechanisms: a faster myogenic and a slower tubuloglomerular feedback (TGF) system ( Fig. 3 ) [8, [25] [26] [27] . Recently, additional slower mechanisms have been postulated [26] . Although the myogenic and TGF mechanisms are thought to act in concert to insulate the renal excretory function from BP fluctuations in the regulation of salt and water homeostasis [27, 28] , the myogenic response may be primarily responsible for protecting against hypertensive injury [8, 27] . The rapid activation kinetics of the afferent arteriolar myogenic response and its potential triggering by the systolic (peak) rather than mean BP are consistent with this protective function [8, 27, 29, 30] , given that SBP may have the greatest potential for target organ damage. Pressure-induced vascular wall stretch, depolarization, activation of voltage-gated Ca 2þ channels, Ca 2þ entry and vasoconstriction are involved, but the determinants of afferent arteriolar myogenic reactivity remain largely undefined [31] . Unique roles of 20-hydroxyeicosatetraenoic acid, epithelial sodium channel, Connexin 40, transient receptor potential channels, protein kinase C and inward rectifier K channels (K IR ) have all been implicated [32] [33] [34] [35] [36] [37] [38] . Recent investigations have implicated reactive oxygen species (ROS) and superoxide in myogenic vasoconstriction [39,40 & ]. However, ROS have also been implicated in impairment of myogenic responses [40 & ,41-43], suggesting involvement of separate ROS species. However, definitive evidence that alteration in any of these pathways is involved in CKD is lacking. For example, blockade of K IR markedly blunts the afferent arteriolar myogenic response, suggesting a critical role of this channel [32] . However, unpublished findings from our laboratory indicate that K IR currents are not altered in myocytes isolated from afferent arterioles obtained from remnant rat kidneys.
BLOOD PRESSURE LABILITY, RENAL AUTOREGULATION AND DYNAMICS OF GLOMERULAR BLOOD PRESSURE TRANSMISSION
Blood pressure is fundamentally labile, and the glomerular transmission of the continuously . Reproduced with permission from [49] . (b) Compilation of data obtained in our laboratory which demonstrates that the relationship between renal injury and average SBP parallels that of renal autoregulatory function in experimental rodent models of hypertension. Minimal injury is seen in SHR with intact autoregulation despite severe hypertension. Injury in the salt-sensitive SHRsp administered a high NaCl diet occurs at BPs that exceed the autoregulatory capacity, whereas the 5/6 renal ablation model, with impaired autoregulation, exhibits a much lower BP threshold for hypertensive injury than normal or SHR kidneys. CKD, chronic kidney disease; SHR, spontaneously hypertensive rat; SHRsp, stroke-prone spontaneously hypertensive rat. Reproduced with permission from [27] .
oscillating systemic pressures in real time must be a very dynamic process. Accordingly, the transmission of individual BP fluctuations is expected to depend on their rate (frequency) and the kinetics and magnitude of the autoregulatory response [8, 27] . Of note, it is intact renal autoregulation that prevents the normally occurring BP fluctuations, even in normotensive states, from reaching the glomeruli. Conversely, with impaired autoregulation, glomerular pressure exposure may not be normalized even if normotension is achieved [44 & ]. Consistent with such interpretations, glomerulosclerosis in normotensive models of renal mass reduction has been shown to exhibit greater correlations with percentage SBP fluctuations above 150 mmHg than average SBP [45] . Given the exaggerated BP lability in hypertensive states, isolated BP (and P GC ) measurements are likely to be more limited as indices of total glomerular BP exposure in CKD states. It is for such reasons that direct and continuous rather than isolated tail-cuff BP measurements have been recommended for the investigations of hypertensive renal damage in experimental animal models [46] . The likely round-the-clock nature of such glomerular BP transmission is particularly relevant in CKD patients as masked daytime and/or nocturnal hypertension and BP lability are both widely prevalent and more difficult to control, further emphasizing the limitations of isolated clinic BP measurements [44 & ,47].
RENAL AUTOREGULATION, ANTIHYPERTENSIVE AGENTS AND CHRONIC KIDNEY DISEASE PROGRESSION
Only limited data are available regarding the effects of specific antihypertensives on renal autoregulation and hypertensive injury. Predictably, calcium channel blockers (CCBs) further impair autoregulation and cause the slope of the relationship between radiotelemetrically measured BP and glomerulosclerosis in 5/6 ablated rats to become steeper, resulting in greater glomerulosclerosis for any given BP increase as compared to untreated or RAS blockade-treated animals ( Fig. 4) [8, 48, 49] . By contrast, RAS blockade does not additionally alter renal autoregulation or the relationship between BP and glomerulosclerosis from that observed in untreated animals ( Fig. 4 ) (vide infra).
ANGIOTENSIN II-INDUCED RENAL MICROVASCULAR DYSFUNCTION AND CHRONIC KIDNEY DISEASE PROGRESSION
Although Ang II plays a critical homeostatic role in BP regulation, it is the BP-independent deleterious effects of Ang II that have received the greatest emphasis in the context of CKD progression [9-12,13 & ,14] . Although widely accepted, the evidence Changes in the oscillating SBP are sensed and responded to by the myogenic mechanism. The ambient preglomerular tone is also influenced by neurohumoral agents, such as nitric oxide and angiotensin II. The dynamic autoregulation of RBF occurs at frequencies below the oscillating SBP ($6 Hz in rat) and includes a faster myogenic ($0.25 Hz) and a slower tubuloglomerular feedback ($0.04 Hz) component. BP, blood pressure; TGF, tubuloglomerular feedback. Reproduced with permission from [27] .
in support of these effects in vivo is much less definitive than implied, as noted above and discussed at greater length elsewhere [8, [48] [49] [50] [51] [52] [53] . To briefly illustrate, the protection provided by RAS blockade is believed to be largely mediated by mechanisms independent of its antihypertensive effects. However, given the wide individual variability of renal damage in these models [45, 48, 51, 52] and the fact that the BP-dependent component of renal damage is expected to be a function of the total chronic BP exposure, to truly demonstrate BP independence, the achieved renoprotection has to be shown to be independent of the continuously measured BP in the same animals in which such injury is assessed. In the only studies that have performed such correlations between the magnitude of renal injury and radiotelemetrically measured chronic BP load, the protection after RAS blockade has been found to be proportionate to the achieved BP reductions (Fig. 4 ) and similar to that obtained with other non-CCB antihypertensive regimens (i.e. triple therapy) [52] . However, a recent study utilizing intermittent BP radiotelemetry in a mouse renal ablation model of CKD did find RAS blockade to be more antiproteinuric as compared to hydralazine, but renal pathology data were not provided [54] .
In any event, in addition to the much emphasized BP-independent deleterious mechanisms such as nonhemodynamic profibrotic signaling and efferent constriction, Ang II has also been postulated to impair renal autoregulatory mechanisms. For instance, in contrast to the lack of effect of RAS blockade on impaired autoregulation in the 5/6 renal ablation model at 3 weeks [48] , losartan corrected the impaired TGF and altered hemodynamics observed at 7 days [55, 56] . Additionally, Inscho and colleagues have reported that Ang II impairs autoregulation and thereby promotes hypertensive injury [57] [58] [59] [60] . Other studies by these and other investigators have indicated that Ang II and salt are synergistic in their deleterious effects of renal autoregulation [41, 58] . In any event, given this plethora of mechanisms by which Ang II promotes renal injury, exogenous Ang II infusion models of hypertension would be expected to result in rapid development of severe glomerular injury. Yet, remarkably, most studies have shown only minimal to modest injury after 2-6 weeks of Ang II hypertension [41, 61, 62] .
Indeed, recent studies (unpublished data) from our laboratory using BP radiotelemetry to examine the quantitative relationships between Ang II hypertension and glomerular injury after 6 weeks have shown modest injury (6%) and a very flat relationship (slope 0.15 þ 0.07). By contrast, the slope for comparably hypertensive rats ($180 mmHg systolic) with 3/4 renal ablation, impaired autoregulation and threefold greater glomerulosclerosis (20%) was 0.6 þ 0.25 (P < 0.01). The explanation for these seemingly unexpected findings may reside in the fact that as noted previously [63] , the deleterious consequences of impaired autoregulation in hypertensive glomerulosclerosis are only expected to occur with a vasodilated preglomerular vasculature. . Compilation of data obtained in our laboratory which illustrates the quantitative relationships between BP and glomerulosclerosis (GS) in rats with 5/6 renal ablation who were left untreated or received either calcium channel blockers or RAS blockade. The deleterious effects of calcium channel blockers on GS as compared to untreated or RAS blockade treated rats are evident. BP, blood pressure; DHP CCBs, dihydropyridine calcium channel blockers; RAS, renin-angiotensin system. Reproduced with permission from [49] .
By contrast, persistent Ang II vasoconstriction that fails to respond to pressure changes (impaired autoregulation) is expected to reduce glomerular BP transmission but increase the potential for ischemic tubulointerstitial injury. Not surprisingly, given the facilitating effects of Ang II on myogenic vasoconstriction [35, 64] , other studies have found augmented myogenic vasoconstrictor responses in isolated perfused kidneys from Ang II-infused rats, described as 'superautoregulation' [65] . Consistent with such data, an enhanced myogenic resonance peak was observed by Just et al. [66] during dynamic autoregulation studies in the conscious dog. Similarly, our studies in conscious chronically instrumented rats have shown both an enhanced and faster myogenic response as well as RBF responses to spontaneous changes in BP that are consistent with the 'superautoregulation' description [67] . Recent data that Notch 3 gene deletion reduced vasoconstriction and BP responses to Ang II but nevertheless increased renal damage and mortality are consistent with the protective effects of such vasoconstriction [68 & ].
NITRIC OXIDE EFFECTS ON RENAL MICROVASCULATURE AND CHRONIC KIDNEY DISEASE PROGRESSION
Abundant evidence supports the deleterious impact of reduced nitric oxide generation/availability in CKD progression [69 & ]. Although multiple pathways are likely involved, the present discussion is confined to the hemodynamic effects of nitric oxide loss on hypertensive mechanisms of CKD progression. Whereas the severity of hypertension is expected to increase by nitric oxide loss, the adverse impact on glomerular hypertension is expected to be mitigated by the preglomerular vasoconstriction [70,71 & ]. Additionally, nitric oxide is an inhibitor of autoregulatory responses and accordingly nitric oxide loss should reduce dynamic glomerular BP transmission [72, 73] . Thus, the large adverse impact of nitric oxide loss on hypertensive glomerulosclerosis in models such as 5/6 ablation is somewhat counterintuitive [71 & , [74] [75] [76] . On the basis of studies in Sprague-Dawley rats from two different suppliers who exhibit contrasting susceptibilities to nitric oxide inhibition nephropathy, we have suggested that an underappreciated nitric oxide-mediated efferent vasodilation may serve a critical protective role in preventing/ameliorating glomerular hyper-
]. The rich distribution of both nitric oxide synthase (NOS) 1 and 3 in efferent arteriolar endothelial cells is consistent with such interpretations [77] . Elegant anatomical studies have also shown that these endothelial cells bulge into the lumen at the initial intraglomerular segment and may serve as shear stress sensors [78] . Such interpretations are consistent with the increase in filtration fraction seen after NOS inhibition [70, 73] . Thus, nitric oxide release from these sites is ideally suited to mediate a protective decompression of glomerular hypertension. It is even possible that in chronic Ang II infusion models, AT 2 receptor-mediated nitric oxide release and efferent vasodilation may limit renal injury [79] . These efferent vasodilatory effects of nitric oxide may be particularly important in diabetes and may account for the well known resistance to nephropathy of most rodent diabetic models [80, 81] . A dramatic illustration of this phenomenon is provided by the striking conversion of the very nephropathy-resistant C57BL/6 mouse to a diabetic nephropathy-susceptible phenotype by the genetic deletion of endothelial NOS [81] . Genetic and/or acquired differences in the capacity to produce nitric oxide or resist its suppression may therefore play a significant role in determining susceptibility to hypertensive injury in human CKD, as has been shown in rodent strains.
ADDITIONAL BLOOD PRESSURE-INDEPENDENT MODULATORS OF HYPERTENSIVE RENAL INJURY
In addition to the severity of hypertension and the renal microvascular determinants of P GC , hypertensive glomerulosclerosis is likely to be significantly impacted by the local glomerular capillary susceptibility to barotrauma [63, 82, 83] . Glomerular capillary hypertrophy is a likely such independent risk factor for glomerulosclerosis. In addition to the expected increase in wall tension (Laplace Law: tension ¼ pressure Â radius), hypertrophy of glomerular capillaries results in a reduction of podocyte density due to its limited replication potential [82, 83] . It has been proposed that the consequent loss of such structural support may limit the ability to maintain physical integrity and mechanical support during hypertensive stress. Such mechanisms likely contribute to progression in podocyte depletion models [82,83,84 & ,85 & ]. In this context, it has been suggested that the induction of an enhanced hypoxia inducible factor 1 alpha may provide BP-independent renoprotection in the 5/6 ablation model [55, 86, 87] , although the effects of such induction regimens (i.e. cobalt and dimethyloxalyglycine) on BP and its potential glomerular transmission have not been rigorously examined. Similarly, differences in downstream signaling and injury responses to barotrauma (Fig. 1) are also likely to play important roles in individual differences in CKD progression, but despite much recent investigation have not yet been clearly established as intervention targets.
CONCLUSION
An enhanced susceptibility to develop hypertension and a reduced ability to protect against its glomerular transmission because of alterations in renal microvascular function are characteristic of CKD states and models. When significant hypertension is present, pressure-dependent mechanisms represent the predominant pathway for progressive glomerular injury and nephron loss. Given the recent data that masked daytime and/or nocturnal hypertension and BP lability are both more common and difficult to control in CKD patients, adequate 24-h BP control may be necessary to minimize glomerular BP transmission and barotrauma. When adequate BP measurement methodologies are used, the renoprotective effects of RAS blockade appear to be largely BP-dependent. Improving preglomerular autoregulatory function and enhancing efferent arteriolar vasodilatation in CKD states represent additional targets for investigation and potential interventions. Available data also suggest that BP-independent pathways may also impact CKD progression by the modulation of pressuredependent injury mechanisms but may become quantitatively more important in normotensive states or when BP is adequately controlled.
